Interpenetration (catenation) has long been considered a major impediment in the achievement of stable and porous crystalline structures. A strategy for the design of highly porous and structurally stable networks makes use of metalorganic building blocks that can be assembled on a triply periodic P-minimal geometric surface to produce structures that are interpenetrating-more accurately considered as interwoven. We used 4,4Ј,4Љ-benzene-1,3,5-triyl-tribenzoic acid (H 3 BTB), copper(II) nitrate, and N,NЈ-dimethylformamide (DMF) to prepare Cu 3 (BTB) 2 (H 2 O) 3 ⅐(DMF) 9 (H 2 O) 2 , whose structure reveals a pair of interwoven metal-organic frameworks that are mutually reinforced. The structure contains remarkably large pores, 16.4 angstroms in diameter, in which voluminous amounts of gases and organic solvents can be reversibly sorbed.
Interlocking, or catenation, on the molecular level has captured the imagination of scientists because of its potential for constructing complex biological and synthetic assemblies. Many organic (1, 2) and DNA (3, 4) catenanes with linked macrocyclic molecules have now been described. The first example of linked protein rings was recently reported in the capsid of bacteriophage HK97; in this material, 72 rings are interlocked to form a closed surface in a manner likened to "chain mail" (5) . Periodic structures with interpenetrating nets (1, 6) are also catenated in the sense that the links of one net pass through the rings of the other, and vice versa. This structural feature is widely believed to have a negative impact on the size and accessibility of pores in microporous materials (7) . Here, we identify a type of net in which the vertices fall on a periodic minimal surface, and for which interpenetration is more appropriately considered interweaving, so that the structure forms an infinite periodic chain mail. As an exemplar of this design principle, we describe the synthesis, structure, and sorption properties of a porous metal-organic framework (MOF) that has the largest pores of any stable occurrence of such a compound reported to date.
Our design strategy is to link symmetrical secondary building units (SBUs) and thus produce structures based on the simplest (most regular) nets (8) . In the case of 3-and 4-connected nets, these are the cubic structures named for SrSi 2 and diamond, respectively (8, 9) . In structures produced by interpenetration of pairs of these nets, the vertices of each net are maximally displaced from the periodic minimal surface (G and D, respectively), dividing the two nets (10) such that the vertices of one net fill the voids of the other structure (11) . In contrast, the simplest and most symmetrical (3,4)-connected net with square coordination is that named for Pt 3 O 4 (8, 9) ; in this net, the vertices fall on the P-minimal surface described below. If a second such net is displaced by 1 2 , 1 2 , 1 2 lattice units from the first, the 4-connected (Pt) vertices avoid each other with both sets on the surface, whereas the 3-connected vertices (O) coincide. To make such an interpenetrating but nonintersecting structure, it is necessary to displace the 3-connected vertices from their positions; if this is done, an interwoven structure will be obtained with a labyrinth of interconnected pores.
To implement this design, we use the binuclear copper carboxylate "paddle wheel" (12) as a square SBU, and the 1, 3, and 5 positions of a benzene ring as a triangular SBU. These units must be joined by long linkers, in our case phenyl groups, to achieve a large open structure; thus, the carboxylic acid is 4,4Ј,4Љ-benzene-1,3,5-triyl-tribenzoic acid (H 3 BTB) and the framework has composition Cu 3 (BTB) 2 . The linker was subjected to reactions that give the paddle-wheel metal carboxylate unit: Reaction of H 3 BTB (0.23 g, 0.052 mmol) with Cu(NO 3 ) 2 ⅐2.5H 2 O (0.065 g, 0.28 mmol) in a solvent mixture of ethanol (3 ml), N,NЈ-dimethylformamide (DMF) (3 ml), and water (2 ml) in the presence of excess pyridine (0.62 mmol) at 65°C for 1 day produced large green cubic crystals in high yield. This product is stable in air and insoluble in water and common organic solvents; it was formulated as Cu 3 (BTB) 2 (H 2 O) 3 ⅐ (DMF) 9 (H 2 O) 2 (hereafter MOF-14) on the basis of elemental microanalysis (13) .
Single crystals isolated from the reaction product were examined by x-ray diffraction ( XRD) (13) . The structure was found to be constructed of an identical pair of frameworks, each having BTB units linking Cu(II) ions into the expected paddle-wheel cluster motif. Each BTB is linked to three such clusters and each cluster to four BTB units, resulting in an augmented (3,4)-connected net with the Pt 3 O 4 topology, in which squares replace the 4-connected vertices and triangles replace the 3-connected vertices ( Fig. 1 , A to C). The triangular units (representing the central benzene ring of the acid) are displaced from each other by 3.68 Å (a distance consonant with strong -interactions) and bowed by 0.86 Å to admit the interweaving of the two subunits ( Fig. 1D) , where additional six C-H⅐⅐⅐ interactions (3.69 Å) between all 2-connected benzene rings mutually hold the BTB units close together (14) . The two discrete nets in the MOF-14 structure are displaced from one another by and separated by a continuous hyperbolic surface. Although the two nets are separated by a continuous surface, the rings of one net are penetrated by links of the other so that they are truly catenated (Fig. 1E) . The interweaving allows mutual reinforcement of the exceptionally large BTB moieties, which alone would be expected to be insufficiently rigid to sustain an open framework.
The separating surface is the P-minimal surface, one of the simplest triply periodic minimal surfaces in Euclidean space; it partitions space into two interpenetrating labyrinths, each consisting of six orthogonal channels meeting at sites of a primitive cubic lattice (Fig. 2) . The P-surface is relevant to many inorganic crystal structures, as well as liquid crystalline mesophases of amphiphiles in water, lipids in vivo, and copolymers (10). In the MOF-14 structure, one net is displaced to one side of the P-surface and the other to the other side by the same amount.
Despite interpenetration, the interwoven pair of frameworks in MOF-14 occupy only a small fraction of the available space in the crystal, which contains large cavities. The nearest neighbors of the center of each internal cavity are 216 C atoms at a distance of 9.88 to 11.85 Å, so that after allowing 1.7 Å for the van der Waals radius of carbon, a sphere 16.4 Å in diameter can fit inside each cavity. This cavity size is substantially larger than that of the noninterpenetrated MOF-5 (15). In the as-prepared material, the cavity is occupied by at least 36 DMF and eight water guests (a total of 152 non-hydrogen atoms), in addition to 12 water ligands that are axially bound to copper. The space occupied by guests alone represents 67% of the cell volume or 13 3 (evacuated MOF-14), as confirmed by elemental analysis. Thermogravimetric analysis performed in inert atmosphere showed that evacuated MOF-14 is stable up to 250°C. The rigidity and permanent porosity of the evacuated framework was confirmed by gas sorption isotherm experiments (16) . The N 2 sorption revealed a reversible type I isotherm (Fig. 3) . The same sorption behavior was observed for Ar, CO, CH 4 , and organic vapors such as CH 2 Cl 2 , CCl 4 , C 6 H 6 , C 6 H 12 , and m-xylene. Similar to those of most zeolites, the isotherms are reversible and show no hysteresis upon desorption of gases from the pores. Using the Dubinin-Raduskhvich equation, pore volumes near 0.53 cm 3 /g were found for all adsorbates, which indicates that the pores are uniform. For a monolayer coverage of N 2 (which may not be strictly correct with such large cavities), we estimate the apparent Langmuir surface area to be 1502 m 2 /g. The pore volume and surface area determined for MOF-14 are well beyond those observed for the most porous crystalline zeolites and related molecular sieves (17) .
Guest exchange studies indicate that MOF-14 also maintains its structural integrity in solution. In a typical experiment, an assynthesized solid sample of MOF-14 was immersed in an organic solvent and allowed to stand for a short period of time (5 to 60 min) at room temperature, and the solid was then separated and analyzed for the inclusion of the new solvent guest (13) . The powder XRD patterns of all inclusion complexes of MOF-14 indicate highly crystalline products with patterns essentially identical to that of the as-synthesized material. An XRD study performed on crystals that lost 72% of the guest content shows no change in cell parameters, with the overall structure of MOF-14 fully retained (13) . These data and the gas sorption isotherms demonstrate that, unlike Self-assembled monolayer chemistry was used in combination with either multistream laminar flow or photolithography to pattern surface free energies inside microchannel networks. Aqueous liquids introduced into these patterned channels are confined to the hydrophilic pathways, provided the pressure is maintained below a critical value. The maximum pressure is determined by the surface free energy of the liquid, the advancing contact angle of the liquid on the hydrophobic regions, and the channel depth. Surface-directed liquid flow was used to create pressure-sensitive switches inside channel networks. The ability to confine liquid flow inside microchannels with only two physical walls is expected to be useful in applications where a large gas-liquid interface is critical, as demonstrated here by a gas-liquid reaction.
Manipulating gas and liquid fluids within networks of microchannels is crucial in the design and fabrication of microfluidic devices for applications in bioassays, microreactors, and chemical and biological sensing (1). Many techniques including mechanical pumping (2), electro-osmotic flow (3, 4) , electrowetting (5), electrochemistry (6) , and thermocapillary pumping (7, 8) have been used to pump, transport, position, and mix liquid samples. Surface properties, especially wetting, have significant effects on liquid behavior (9-11) when the system is reduced to a submillimeter scale. For example, surface effects are the basis of capillary pumping (12) and light-driven motion of liquids on a photoresponsive surface (13) . Recent studies on patterned surfaces (14-16) revealed interesting phenomena that can be exploited to control liquid motions in microfluidic devices. Here, we report a simple method, based on patterning surface free energies, to manipulate liquid flow within channel networks. Aqueous solutions are confined to hydrophilic pathways, creating a large gas-liquid interface that makes gas-liquid reactions practical in microfluidic systems. Patterning hydrophobic and hydrophilic regions inside microchannels typically requires modifying the surface in selected areas first, and then aligning and bonding substrates to form microchannel networks (11) . This process consists of a series of complicated and time-consuming steps. We have patterned surface free energies inside channel networks by combining multistream liquid laminar flow and self-assembled monolayer (SAM) chemistry. The entire process is completed quickly (within several minutes) and in situ. Liquid flow inside microchannels is laminar, meaning that multiple liquid streams can flow side-by-side without turbulent mixing, allowing good spatial control (17) . Multistream liquid laminar flow has been used to fabricate diffusion-based extractors, various microstructures, and cell patterns inside preformed capillaries (17) (18) (19) (20) . Deposition of SAMs is a simple method to modify surface wetting properties of a variety of materials (21-23). By controlling the water content in the solvent, SAMs of trichlorosilanes can be formed on silica substrates in a short period of time (i.e., several minutes or even less) (22, 24).
The channels used here were made from glass substrates and glass cover slips (25). A stream of pure hexadecane and a stream of octadecyltrichlorosilane (OTS) solution in hexadecane were brought together in channels by syringe pumps, and the laminar flow was maintained for 2 to 3 min (26). SAMs formed on both the top and bottom of the channels in the area containing the trichlorosilane solution. The other surfaces remained hydrophilic ( p ϳ 0°; p is the water advancing contact angle on a polar surface). A series of patterned surfaces were fabricated as shown in Fig. 1 , A to D. Once patterned, aqueous solutions flowed only on hydrophilic pathways (Fig. 1, E to H, corresponding to Fig. 1, A to D, respectively) when the pressure was maintained below a critical value. If minor disturbances caused the liquid to flow into the hydrophobic region, the liquid gradually retreated to the hydrophilic pathway. When the pressure exceeded a critical value, the solution crossed the boundary between hydrophilic and hydrophobic regions. Using these patterned surfaces, we could transport liquids from one reservoir to another along the specified pathway (Fig. 1F) , and could flow two streams side-by-side separated by a gas membrane, allowing volatile compounds to be transported from one stream to the other (Fig. 1, E, G, and H) . Because there are no physical walls on the sides of the liquid stream, we refer to the stream as being confined by "virtual" walls.
A liquid stream will rupture the virtual wall when the angle of curvature of the liquid at the hydrophilic-hydrophobic boundary ( b ) equals the advancing contact angle of the liquid on the nonpolar surface ( n ) (Fig. 2A) . When the water surface is curved, there is a pressure drop across the liquid-gas interface due to surface free energy. The pressure on the concave side is always greater than the pressure on the convex side, as described by the Young-Laplace equation ⌬P ϭ ␥(1/R 1 ϩ
